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ABSTRACT: Biodegradation has proved to be a versatile technique to remediate benzene, toluene, ethyl benzene
and xylene (BTEX) mixtures in contaminated soil and groundwater. In this study, a mixed microbia culture obtained
from a wastewater treatment plant was used to degrade liquid phase BTEX, at initial concentrations varying between
15 to 75 mg/l. Experiments were conducted according to the 2 fractional factorial design to identify the main and
interaction effects of parameters and their influence on biodegradation of individual BTEX compounds in mixtures.
The removal efficiencies of these compounds varied between 2 to 90% depending on the concentration of other
compounds and also on their interaction effects. A statistical interpretation of the results was done based on the
Fishers variance ratio (F) and probability (P) values. Though all the main effects were found significant (P < 0.05) at
the 5% confidence level, the interactions between benzene and toluene and benzene and xylene concentrations were
aso found to be gtatistically significant and play a major role in affecting the total BTEX removal.
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INTRODUCTION

Benzene, toluene, ethyl benzene and xylene collec-
tively known as (BTEX) arewidely used asindustrial
solventsfor organic synthesis and are the major prod-
ucts of petroleum and fine chemical industries. They
aregenerated from awidevariety of industrial sources,
and amajority of them arisefrom fine chemical and pet-
rochemical industries. They frequently enter theair, soil
and water environment through |eakages from under-
ground storage tanks, pipelines, accidental spills, im-
proper practicesand leaching landfills (Yeom and Yoo,
1999). The BTEXsmake up thed kylbenzenesand con-
stitute up to about 18% (w/w) in a standard gasoline
blend. BTEXsare cond dered to bevery important since
they contribute generously to global environmental
effects such as ozone layer depletion, green house ef-
fectsand acid rain (Jenkin and Chemitshaw, 2000; Bur-
gess, et al., 2001). Even at low concentrations, BTEX
can cause damagetotheliver and kidney and paralyze
the central nervoussystem (Martin, et al., 1998; Murata,
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et al., 1999; Bahrani and Edwards, 2006). The contami-
nation of soils and aquifers with petroleum hydrocar-
bonisamajor environmental problem. Generally BTEX
compounds are often encountered as mixtures rather
than as a single compound and the fate of these com-
poundsis often strongly controlled by microbial activ-
ity (Schwarzenbach, et al., 1993). It has been proved
earlier that, biodegradation isaversatile treatment op-
tion to remove BTEX at various concentrations using
indigenous or acclimatized microbial species.

Earlier, significant research hasbeen conducted us-
ing pureculturesfor degrading and studying the kinet-
ics of BTEX compounds, but they usually could not
degrade all compounds simultaneously and efficiently.
Hence, most of the studies on the biodegradation of
BTEX compounds haveprimarily been carried out with
mixed cultures acclimatized to specific compoundsin
batch and continuous sysems (Alvarez and Vogel, 1991;
Shimand Yang, 1999; Rene, et al.,2001; Gusmao, et al.,
2006). A few studieson the bi odegradation of mixtures
of BTEX compounds have also been reported. Kelly, et
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al. (1996) studied the kinetics of BT X biodegradation
in batch systems using a mixed consortium from acon-
taminated soil and observed substrate disappearance
intheorder: toluene > benzene > xylene. Chang, et al.
(1993) observed in batch studies using Pseudomonas
fragi that therate of degradation of either benzene or
toluene in the presence of other substrate was slower
than the degradation rate of either substrate alone.
Arvin, et al. (1989) investigated benzene degradation
in the presence of toluene, o-xylene and a number of
poly nuclear aromatic hydrocarbons. Their study re-
vealsthat in thepresence of either toluene or o-xylene,
benzene degradation was stimulated. Oh, et al. (1994)
investigated the degradation of B, T and p-X individu-
ally and in mixtures by a mixed consortium and a
Pseudomonas species. They observed benzene and
toluene degradation but not p-xyleneasindividual sub-
strate, while in mixturescompetitiveinhibition and co-
metabolic degradation were observed.

Inthispaper, BTEX biodegradation as mixtureswas
studied using amixed bacterial consortium (mixed cul-
ture) in free (suspended) cell systems. The effect of
substrate concentration on cell growth has been exam-
ined. Experiments were carried out at different initial
concentrationsof BTEX corresponding to total BTEX
concentrationsvarying between 60 and 300 mg/L. These
experiments were conducted as per the experimental
plan outlined by fractional factorial design of experi-
mentstoidentify the main and interaction effects dur-
ing BTEX removal. Theresultswere statistically inter-
preted and presented in this paper. Thisresearch have
been donein Environmental Pollution Control Labora-
tory, University of Ulsan, South Korea during Febru-
ary 2006 to July 2006.

MATERIALSAND METHODS
Microorganism and media composition

Themixed bacterial consortium was obtai ned from
the effluent treatment plant of a chemical industry
located in Ulsan, South Korea. Theminera salt medium
(MSM) used in this study had the following
composition: (NH,),SO, -5 g/L, K,HPO, -2 g/L,
MgSO,.7H,0-0.2g/L, KH,PO,-1g/L, CaCl,. 2H,0-
13.2mg/L, FeSO,. 7H,0 -10mg/L, NaCl -5g/L, Yeast
extract - 0.2 g/L and trace el ements- 2mL/L (MoO,-
Img/L, ZnSO,.7H,0-7mg/L, CuSO,.5H,0-0.5mg/L,
H,BO,-1mg/L, CoCl,.6H,0-6mg/L, NiSO,.6H,0- Img/
L). All chemicals used were of analytical grade. ThepH
of themediawas maintained at 7+0.1.
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BTEX removal experiments

Batch removal experiments were conducted by
varyingindividual BTEX concentrations between 15-
75 mg/L according to the statistically significant
fractional factorial design (Table 1), in 500 mL glass
bottles (working volume 300 mL) fitted with appropriate
togglevalvebased screw caps. Thesevalveswere made
of Teflon that housed needles to collect headspace
BTEX and biomassin suspension. BTEX wasdirectly
injected to this working volume corresponding to
different initial concentrations and after water-air
equilibration 3% of the microbial suspension was
added. The resulting BTEX containing MSM was
incubated in arotary shaker at 150 rpm and maintained
at ambient temperatures (28-30 °C). Samplescollected
at regular intervals were analyzed for biomass and
residual BTEX concentration.

Analytical methods

Free cell concentrations was determined by
measuring the optical density (OD at 660 hm) using a
UV-vi g ble spectrophotometer (Shimadzu UV-Min 1240,
Japan) and reading from a standard calibration plot
between OD and cell dry weight. The concentrations
of BTEX in liquid phaseweredetermined from thewater-
air partition coefficient val ues (Mackay and Shiu, 1981),
and by the procedure described in Prenafeta-Boldu, et
al. (2002). Head space BTEX measurementsweredone
by injecting 100 pl headspace samples collected in gas-
tight syringe (Hamilton Co, Reno, Nevada, USA) intoa
DS-6200 Gas Chromatograph fitted with a HP-FFAP
capillary column and flameionization detector. Nitrogen
wasused asthecarrier gasat aflow rateof 20 mL/min.
The temperatures of the injection port, oven and
detection port were 250, 80 and 250 °C.

Statistical design of experiments

Experimentswith different concentrationsof BTEX
were conducted using theexperimental design obtained
by 2! fractional factorial design. Fractional factorial
designs aretwo level designs (low and high values of
the factor), which includes only a fraction of thetotal
trial that comprise a full factorial design (Box and
Hunter, 1978; Montgomery, 1991). It consists of 2«!
runs(trials), where ‘2’ represent the two levels of the
factor and 'k’ isthetotal number of factor. Moreover,
when high order interactionsare negligible, reasonable
information on the main effects and low order
interactions may be obtained by running only afraction
of the completefactorial design. Hence, 249 designis
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afraction of the 2* full fractional designsthat consist
of 8 runsinstead of 16 with 2 center-point replicates.
Statistical analysis was performed with the software
Minitab (Verson 12.2, PA, USA).

RESULTS

Batch biodegradation tests were conducted with
wastewater treatment plant d udge microbes, according
to the 10 experiments designed by fractional factorial
design (Table 1). The cumulative BTEX removed was
calculated as follows

(Total-BTEX)jnjtia—(T0tal-BTEX) iy y
Total-BTEX jpitia

TotalBTEX removal = 100

The biomass growth profileand substrate utilization
pattern observed for mixed culturewhile utilizing BTEX
as the sole carbon source is shown in Fig. 1. The
biomass growth showed a typical microbial growth
pattern with a short lag phase, a growth phase and a
dtationary phase. However the removal pattern and
extent of growth were also a function of the initial
concentration of different substrates. Within thefirst
10 hours of experimentation, a rapid decline in the
concentrations of individual substrates was noticed
with asharpincreasein thecell growth. During Expt-1,
at low concentrations of BTEX, ethyl benzene was
better removed at 68% by the microbesin comparison
toB (4.7%), T (18.7%) and X (4%). However, when the
concentration of benzeneand xylenewasincreased to
75mg/L, theremoval of toluenedecreased to 14%, while
nochangein theremoval of ethyl benzenewasnoticed.
Increasing the concentrations of toluene and xylene,
decreased the removal of benzene, while it
synergistically increased the removal of other
compounds. TEX was removed at 46, 45 and 72%
respectively. Similarly, when the concentration of
benzenewasincreased (Expt-4), amarginal decreasein

Table 1: Concentrations of individual BTEX compounds
for different experiments

Concentration of individual substrates, mg/L

Expt No B T E X
1 15 15 15 15
2 75 15 15 75
3 15 75 15 75
4 75 75 15 15
5 15 15 75 75
6 75 15 75 15
7 15 75 75 15
8 75 75 75 75
9 45 45 45 45

10 45 45 45 45

the removal of TEX was observed, while benzene
removal increased to 80%. In expt-8, the highest levels
of concentrations of individual BTEX compounds (75
mg/L), theremoval of BTEX were 58, 84, 89 and 80%
respectively. Maximum biomass growth was observed
in Expt-4, when benzene concentration was 75 mg/L.
Increasing the concentrations of benzene, not only
increased benzene removal but also stimulated better
biomass growth. The total BTEX removals varied
between 23.7 to 78% and this value principally
depended on thelow and high level s of concentrations
of individual BTEX compounds in the quaternary
mixture. It isevident from Fig. 2 (main effectsplot), that
the total BTEX removal increased with increased in
concentrations of individual BTEX compounds from
low to high levels. However the biomass growth was
found to vary depending on the initial concentrations
of BTEX.

80 Expt No. 3 r 500 _,
= >
> =
= -
g ©0 5
£ 40 g
o c
S 3

20 4]
h £
= S

0 m
Time (h)

80 500
r Expt No. 7 <
F, 2
E. 60 - g
5 L 400 8
@]
£ 40 -

g S
g L 300 %

20
©
= =
= S

0 : = 200 @

0 10 20 30
Time (h)

—<—B-—®T —aFE—mX
Fg 1: Substrate utilization and biomass growth profile of
mixed cultures utilizing BTEX as the primary carbon
source (a) Expt-3 (b) Expt-7

179



Statistical analysis of main and interaction effects during the removal ...

¢ Center point

15 75 15
1 1 1

Main effects plot (data means) for total RE
75 15
1 1

75 15 75
Ll

.

97

89

total RE

Benzene Toluene

Ethyl-benzen Xylene

Fig. 2: Main effect plot of variables on the total BTEX removal by mixed cultures
(Units: BTEX concentration, mg/L; Tota-RE, %)
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Fg. 3: Main effects plot for maximum biomass growth of mixed cultures
(Units: Biomass concentration, g/L and BTEX, mg/L)

It can be elucidated from Fig. 3, that increasing the
concentrationsof BT stimul ated biomass growth, while
asevere antagoni stic effect was noticed, when xylene
concentrationswereincreased from low to high levels
in the mixture. The presence of ethyl benzene did not
affect the biomass growth pattern.

DISCUSSION AND CONCLUSIONS

The prime reason for antagonistic effects during
BTEX degradation in mixtures can be attributed to
competitiveinhibition (Chang, et al., 1993; Oh, et al.,
1994; Bidefd dt and Stensdl, 1999), toxicity (Haigler, et
al., 1992) and the formation of toxicintermediates by
non-specific enzymes (Bartels, et al., 1984). The
interaction plots (Fig. 4) showed that, at high levels of
toluene and xylene concentrations, and at low levels
of benzeneand xylene, there exi sinteraction. All other
interactions were in significant within the range of
BTEX concentrations studied. This can also be
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substantiated by the ANOVA table given in given in
Table2and‘t’, ‘P valuesgivenin Table 3. In general,
theFischer’s'F valuewith alow probability ‘P value
indicates high significance of the regression model
(Khuri and Cornéll, 1987). The students‘t’ test can be
used asatool to check the s gnificanceof theregression
coefficient of the parameter, while ‘P’ values signify
the pattern of interaction among thefactors. Thelarger
the value of t and smaller the value of P, the more
significant is the corresponding coefficient term
(Montgomery, 1991). High F values for main effects
(5000) with low P values (0.010) suggests that the
individual effects were significant than the 2 way
interaction effects (F-284.85, P-0.044). Among themain
effects, benzene and toluene concentrations affected
thetota BTEX removd (1-99,85.75, P-0.006,0.007), while
the interactions between benzene and toluene
concentrationswereing gnificant (t-5, P-0.126).
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The mixed wastewater treatment plant sludge
microbeswereabletogrowwe| inthemineral salt media
with BTEX as the sole carbon source. The culture
showed different utilization pattern at different initial
concentrations of BTEX compounds in mixtures. At
the highest concentration range tested, theindividual
BTEX removal efficiencies were 58, 84, 89 and 81%
respectively. Preferential utilization of substrates was
observed depending on their toxicity and initial
oxidation mechanisms. The synergistic and
antagonistic interactions were elucidated statistically
through their F and P values. Increasing the
concentrations of BTEX from low to high levels
stimulated the total BTEX removal. However, their
individual removal efficiencies showed a varied
response depending on the initial concentrations of
other substrates. The results from this study further
delineate that the main effects of the variableshad a
significant effect inincreasing thetotal BTEX removal,
while the interactions between benzene and ethyl
benzene concentrations significantly reduced BTEX
removal in mixtures.,

* Center point
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Table 2: Analysis of variance for total RE

Sq  Ad Ad
Source DF S < MS F P
Main Effets 4 173815 173815 434537 5000 0.010
2Way Interactions 3 6837 6837 22788 28485 0044
Curvaure 186304 86304 863041 00001 0.006
Resdud Error 1008 008 0080
Pure Error 1 008 0.08 0.080
Tad 9 2669.64

Table 3: Satistically significant t and P values for total

BTEX removal

Term t P
Constant 509.75 0.001
X1 99.00 0.006
X3 85.75 0.007
X3 63.50 0.010
X4 23.25 0.027
XX 5.00 0.126
X1X3 -23.25 0.027
X1Xa4 17.00 0.037
Ct Pt 103.87 0.006

(Concentrations: X,: Benzene, X, Toluene, X,: Ethyl-benzene, X,: Xylene)

Interaction plot (data means) for total RE

15 19 15 75 15 ° 75 15 ° 75

' 1 ) - il I I I i _
Benzene S P —a JRT— 70

- — +4
75 / / — 50

15 .
- oy L L L] A1 30
e Toluene o PO BES S e 70

B - f/— =T
/ w D e ——— 50

15

- . - 130
— g Ethyl-benzen = 70

/, - e == -
/ ':/ .75 e e 50

15 u
- - B 130

/

e e Xylene 70

o —— ——— = -
= e = .75 50

15 ]
30

Fg 4: Interaction Plot for total BTEX removal by mixed cultures
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